Fluctuation induced conductivity by Pr substitution at Y sites of Y 1 − x Pr x :123 superconductors is reported. It is found that the mean field temperature T c mf , deduced from the peak of dρ/dT versus T plot, gradually decreases by increasing Pr up to 0.40. The order parameter dimensionality (OPD) is estimated from the slope of the logarithmic plot between excess conductivity ∆σ and reduced temperature . Interestingly, the crossover from 2D to 3D is obtained for samples with Pr = 0.00, 0.10 and 0.20, while with increasing Pr up to 0.40, the crossover from 0D to quasi-2D is obtained. On the other hand, the calculated values of interlayer coupling, coherence lengths, critical fields and critical current decrease with increasing Pr up to 0.20, but with the further increase of Pr, up to 0.40, they increase. The hole carriers/Cu ions anisotropy and G-L parameter gradually increase with Pr up to 0.40. Our results are discussed in terms of the effects of Pr substitution at Y site, such as oxygen rearrangements, anisotropy, hybridization and localization of holes in the overdoped region.
Introduction
Due to short coherence length and high value of critical temperature T c in high-temperature superconductors, thermal fluctuations of superconducting order parameter have been earlier observed on the conductivity versus temperature curves as excess conductivity [1] . By decreasing the temperature from room temperature toward the critical temperature T c , the fluctuating of Cooper pairs begins to be created spontaneously at a temperature T 2T mf c [2] [3] [4] [5] . As the temperature approaches T c , the number of Cooper pairs increases while the normal electron density decreases. Therefore, the resistivity decreases and the thermal fluctuations induce an excess conductivity ∆σ [6] [7] [8] . Therefore, resistivity versus temperature measurements in superconducting samples has been earlier explored to determine how the conductivity is affected by fluctuations of small regions of a sample in a superconducting state.
The excess conductivity analysis reveals that the contribution is due to Gaussian fluctuations in * E-mail: sedky1960@yahoo.com the mean field and critical fluctuations regions [4] . Gaussian fluctuations are dominant in the temperature region above the mean field region when the fluctuations in the order parameters are small and the interactions between them can be neglected. The critical fluctuation occurs in the mean field region when the fluctuations in the order parameters are large and the interactions between them cannot be neglected. The variation of Gaussian fluctuations of induced conductivity with the reduced temperature helps one to find the dimensional exponents, coherence length, crossover temperatures, critical fields and critical currents of hightemperature superconductors. Fluctuations study in high-T c materials reveals that the dimension exponents are zero dimensional (0D), one dimensional (1D), two dimensional (2D) and three dimensional (3D). It has been observed that the dimensional crossover takes place between two different dimensions above T c at a crossover temperature which is different for different samples [9] [10] [11] [12] [13] .
The disorder in high T c superconductors usually influences the critical temperature which can be verified experimentally by magnetic and nonmagnetic doping elements. It is well known that the fluctuation-induced conductivity is influenced by the concentration of doping elements due to the defects in the CuO 2 planes of these materials and the irradiation effect [11] . If the CuO 2 planes are distorted from their original structures responsible for superconductivity then the pairing conditions in the superconductor will be affected, and consequently, the fluctuation induced conductivity will be varied.
We have studied the effects of Pr substitution at Y sites on the structure and superconductivity of Y 1 − x Pr x Ba 2 Cu 3 O 7 superconductors with various x (0.00 x 0.50) [14] . We have also considered here the fluctuation induced excess conductivity produced by Pr substitution on the same batch of samples. The substitution by Pr at Y sites is expected to affect fluctuations through a change in oxygen disorder and anisotropy of these materials. We have restricted our analysis to the mean field regime and the dimensional crossover behavior. We also tried to extract the interlayer coupling, dimensional exponents, coherence lengths and anisotropy for such type of samples [14] [15] [16] . Furthermore, some important parameters such as critical fields and critical current were obtained. In addition, the hole carriers were calculated by two different methods to study their impact on excess conductivity.
Theoretical background
The excess conductivity ∆σ due to thermal fluctuation is defined as the deviation of measured conductivity of σ m (T) from the normal conductivity σ n (T) as follows:
where ρ m and ρ n are the measured and normal resistivity, respectively. ρ n is obtained from the measured resistivity ρ m at T 2T c by applying the least square method to the Anderson and Zou relation [17] :
In order to estimate the paraconductivity, Aslamazov and Larkin (AL) deduced the following relation for the fluctuation-induced excess conductivity ∆σ as [18] :
Here, A = 32hS for 1D, e is the electronic charge, d is the interlayer spacing between two successive CuO 2 planes,h is the reduced Planck constant, ξ c (0) is the c-axis 3D coherence length at zero temperature, S is the wire cross-sectional area of the 1D system, λ is an exponent of dimensionality, and their values are 0.5, 1 and 1.5 and 2 for 3D, 2D, 1D and 0D fluctuations respectively, and is the reduced temperature given by [15] [16] [17] [18] :
where T mf c is the mean field temperature above which the interactions between Cooper pairs can be neglected and the onset of superconducting phase coherence occurs.
We have drawn the dρ/dT versus T plot to obtain the values of T mf c from the peaks. However, for polycrystalline samples, the modified equations for 2D and 3D fluctuations are expressed as [18] :
where ξ ab (0) is the coherence length at 0 K across the ab-plane and ξ p (0) is the effective characteristic coherence length at 0 K. On the other hand, the crossover behavior from 2D-3D occurs at a temperature T 0 given by [17, 18] :
where ξ c (0) is given by [19, 20] :
where d = c parameter = 11.68 Å for this type of samples [21] , and J is the interlayer coupling expressed by [22] :
For polycrystalline samples, ξ p (0) given by [23] :
where ξ ab (0) is calculated with the help of ξ p (0) and ξ c (0) values. Then, the anisotropy parameter could be obtained using the relation:
The upper critical fields along the c-axis and a-b plane, and critical current density at 0 K, J (0), are estimated by the following relations [24, 25] :
where φ 0 is a quantum flux given by φ 0 = h 2e = 2.07 × 10 −15 (Wb), and λ 2 (0) is London penetration depth at 0 K which is about 150 nm for R:123 superconductors [26] .
Results and discussion
The resistivity versus temperature curves of Y 1 − x Pr x Ba 2 Cu 3 O 7 samples is given in Fig. 1 . It is clear that the normal state resistivity ρ n (T) is linear as the temperature is reduced from room temperature down to a certain temperature T B . In this region ρ n (T) follows the formula, ρ n (T) = A + BT as discussed above. T B 2T mf c is defined as the temperature below which the Cooper pair formation starts [26, 27] . As the temperature is further reduced beyond the normal state region, the rate of change of resistivity becomes entirely different. This is mainly due to increasing Cooper pair formation as the temperature is reduced. Therefore, the fluctuation induced conductivity in this region follows the A-L model to yield the dimensional exponent appropriate to fluctuation-induced conductivity. As seen from the resistivity curves, the resistivity increases with increasing Pr content, which suggests a weakening of the metallic behavior as Pr content increases.
The normal resistivity ρ n (T) is calculated in terms of A and B parameters which are obtained from the linear fit of the measured resistivity shown in Fig. 2 . The mean field temperatures T mf c for all samples were estimated from the peak of dρ/dT against temperature plot shown in Fig. 3 . After that, we calculated the excess conductivity ∆σ and reduced temperature . Then, we plotted ln∆σ against ln for all samples as shown in Fig. 4 . We have used the general fitting of the excess conductivity with A-L equation for the concerned temperature range. It is evident from the fitting that there is a distinct difference in the slope of each plot. The corresponding temperature where the slope change occurs is designated as the crossover temperature T 0 . Different values of the crossover temperatures along with two different exponents have been obtained from each plot with accuracy of ±1 K for each one. In order to compare the experimental data with the theoretical predictions, different regions of the plots shown in Fig. 4 have been linearly fitted, and the values of conductivity exponent λ have been determined from the slopes. Above T c mf , the GL theory breaks and the short-wave fluctuations play a dominant role [28] . Also, in this temperature region, the excess conductivity decreases sharply which agrees well with the theoretical prediction. With decreasing temperature towards the mean field region, an excess conductivity is obtained, and a crossover behavior is clearly observed. However, the slopes of the two linear regions below and above the crossover temperatures give the following dimensional exponents of these two regions: the first exponent is obtained at higher temperature in the normal field region, in which the order parameter dimensionalities (OPD) are 2D, and their values are close to 1 (1.1, 1. for Pr = 0.30 and 0.40, and the OPD are quasi-1D. Fig. 5c shows the behavior of OPD, J and γ against Pr content and similar values are listed in Table 1 . It is clear that OPD and γ are gradually shifted to higher values as Pr increases (Pr > 0.20), while J is decreased.
In their theory, Lawrence and Doniach assumed that d = 11.7 Å = c-parameter, and it approximately equals the spacing between superconducting Cu-O 2 planes. In the present case, we found that 2(ξ c (0))/d = 0.75, which is twice larger than the reported values (0.30 and 0.54) [29, 30] . Anyhow, the crossover to 3D fluctuations of Y:123 was earlier obtained at a temperature T o above T, with T o /T = 1.1 and 1.01 [28, 29] . However, our values of T o /T listed in Table 1 slightly decrease with Pr from 1.24, 1.21 to 1.13 for Pr = 0, 0.10 and 0.20. In these samples, the slope of the first normal field region is 2D, but it is changed to 3D in the mean field region. With further increase of Pr above 0.20, T o /T increased again to 1.17 and 1.21. In these samples, the slope of the first normal field region became 0D, but it has changed to quasi-2D in the mean field region.
However, appropriate values of critical fields and currents usually make the superconducting systems more suitable for investigating the thermal fluctuation effects. In turn, due to the expected fluctuation contribution just above T c , there is not univocal consensus about the criterion for extraction of the upper critical field from transport experimental data. The behaviors of critical fields and currents against Pr content are shown in Fig. 6 , and similar values are listed in Table 2 . It is clear that B ab is nearly more than twice as large as B c and generally decreases with Pr content up to Pr = 0.20, followed by an increase with higher Pr content up to 0.40, but remains close to the values of Pr = 0.00. Similar behavior is observed for J(c) at 0 K.
The hole carriers concentration P can be established from T c values using the following parabolic relationship [31] :
where T c and T cx are the critical temperatures for pure and doped samples, respectively. P is the holecarrier concentration/Cu ion. As seen in Table 2 , P gradually increases with increasing Pr content up to Pr = 0.40, This is, of course, not consistent with the general rule of substitution Pr 3+ (Pr 4+ )/Y 3+ , where P should decrease with Pr addition. However, most of the previous studies based on RPr:123 systems indicated that the valence state of Pr in Y:123 superconducting systems are higher than 3 + (3.3, 3.3 and 3.95) [32] [33] [34] [35] [36] .
The Ginsburg number Gi, defining the order thermal fluctuations in a superconductor, is given by [37, 38] :
where µ 0 = 4π × 10 −7 A/m and κ is GinsbergLandau parameter of the superconducting system given by λ(0)/ξ c (0). The values of Gi have been calculated at different values of Pr and listed in Table 2. It was found that Gi = 7.81 × 10 −4 for Y:123 (Pr = 0), and gradually decreased to 2.22 × 10 −4 for Pr = 0.40. These values are comparable with the reported, G i = 10 −3 to 10 −4 for HTSC, and they are several orders of magnitude larger than 10 −9 for a conventional superconductor. Therefore, the fluctuation effect has been observed in our HTSC samples and could be obtained in conventional superconductors only in forms of thin films or onedimensional wires but not in a bulk form [39, 40] . However, the present values of G i are comparable with HTSC in YPr:123 superconductors even if T c is decreased to 44.3 K for Pr = 0.40.
Anyhow, four different regions have been reported in the irradiated Bi:2212, and pure and doped Y:123 samples, respectively [41, 42] . In the present case, the 3D critical exponents were obtained in the regions very close to T c in the critical field region for Pr = 0, 0.10 and 0.20 samples as well as Y:123 systems. The quasi-1D obtained for Pr = 0.30 and 0.40 may be related to decreasing the hole carriers and increasing anisotropy. The normal exponent is related to two dimensional (2D) behavior of Pr = 0, 0.10 and 0.20 samples and is usually observed in the normal region of Y:123 systems. The 0D for Pr = 0.30 and 0.40 is also obtained. Actually, when we look at the values of OPD one can find a systematic variation between the order parameter exponents and Pr content. On the other hand, the behaviors of critical fields and currents against Pr content may be related to the change of order parameter from 3D to quasi-2D and system anisotropy, and therefore a direct relationship between the order parameter and critical values of the field and current could be obtained.
However, the increase in the OPD observed near the critical field region for Pr = 0.30 and 0.40 samples suggests an anomalous dimensional crossover due to suppression of superconductivity as reported in the literature [14] . A quasi-2D suggests a deterioration in the CuO 2 coupling as indicated by the decreasing values of J and anisotropy. The 0D obtained in the mean field region may be due to oxygen rearrangement occurring in these samples rather than oxygen deficiency [14] . In addition, the strong hybridization between (Pr-4f) and (O-2P) conduction band electrons leading to localization of holes, offers a possibility of nonsuperconductivity in Pr:123 compounds [43, 44] . Furthermore, the STM studies based on YPr:123 single crystals show an increase in the formation of oxygen vacancies in the Cu-O 2 planes, where superconductivity is believed to exist. The Pr = 0.00, 0.10 and 0.20 samples look more 3D near the critical field region and 2D in the mean field region. Therefore, we do not expect decoupling of the CuO chains which causes an increase in ∆σ [45] . Hence, the behavior of these samples is nearly similar to the pure Y:123 sample and the planes remain coupled strongly.
Actually, Y:123 systems are three dimensional (3D) with two Cu-O 2 planes and one Cu-O chain. The coupling between the planes and chains plays a major role in superconductivity of these materials. Therefore, the interlayer coupling of these materials is larger as compared to the BSCCO systems, and consequently, the degree of anisotropy may be lower. It has been reported that the oxygen vacancies created in Cu-O 2 planes can decrease the overlap between Cu-3d and O-2p orbital, and consequently the system becomes more anisotropic, in agreement with the obtained values of γ [27, 46] . Therefore, the effects of Pr in the overdoped regions, such as oxygen rearrangements, anisotropy, hybridization and localization of holes may be the reason for the obtained results. 
Conclusions
Fluctuation induced conductivity by Pr substitution at Y sites of Y 1 − x Pr x :123 superconductors has been investigated. The crossover behavior from 2D/0D to 3D/quasi-2D was observed near T c in the investigated samples. The interlayer coupling, coherence lengths, critical fields and critical current decreased with increasing Pr up to 0.20, followed by an increase with a further increase of Pr up to 0.40. However, the hole carriers/Cu ions, anisotropy, and G-L parameter gradually increased with Pr up to 0.40. The effects of Pr in the overdoped regions such as oxygen rearrangement, anisotropy, hybridization and localization of holes may be the reason for the obtained results.
